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ABSTRACT 

An aerodynamic molecular beam chamber has been constructed 
and operated at Arnold Engineering Development Center.    Design 
criteria,  performance data,  and space simulation applications are 
discussed in this report.    Cryopumping was used to provide the re- 
quired pumping speed and to reduce the scattering of the beam by the 
background gas.    A maximum beam intensity of 2.0 x 1020 CO2 
molecules per second per steradian was measured.    It was determined 
that a two-fold increase in the beam intensity can be obtained by cryo- 
genically cooling the skimmer,  and the range of source pressures over 
which this occurs was established for one configuration of the beam com- 
ponents.    A modulated beam detector capable of extracting weak reflected 
beam signals from the background noise has been developed.    The beam 
and detector are now being used to study basic cryopumping phenomena 
on a microscopic scale and to provide capture coefficient data for imme- 
diate application in the design of cryopumping systems for space simu- 
lation chambers. 

in 
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NOMENCLATURE 

A Source orifice area in an oven beam or skimmer entrance area 
S rj 

in an aerodynamic beam,   cm-4 

C Capture coefficient,   nondimensional 

dc Collimator orifice diameter,   mm 

d Sonic nozzle exit diameter,  mm 

dg Skimmer entrance diameter,  mm 

I Aerodynamic beam intensity,  molecules/sec/cm^ 

I0 Oven beam intensity,  molecules/sec/cm 

Irc Reflected beam intensity entering detector gage from surface 
cooled to desired testing temperature,   molecules/sec/cm^ 

Ir Reflected beam intensity entering detector gage from surface 
sufficiently warm to prevent beam condensation,  molecules/sec/cm^ 

KJ Detector gage calibration constant,   molecules/sec/unit 
detector reading 

K^ Knudsen number,  nondimensional 

k Boltzmann constant,   ergs/ K 

^e<-. Source to collimator distance in oven beam or skimmer to 
collimator distance in aerodynamic beam,   cm 

Mg Mach number of the gas flow at the skimmer entrance, 
nondimensional 

N Beam flux,  molecules/sec 

Nj Total beam flux incident on a test surface,   molecules/sec 

Nr Total beam flux reflected from a test surface,  molecules/sec 

n Gas density in source plenum,  molecules/cm^ 

ns Molecular density at skimmer entrance,   molecules /cm 

Pc Gas pressure in collimating chamber,  torr 

Pn Gas pressure in nozzle discharge chamber,  torr 

P Gas pressure in source plenum,   torr 

Pt Gas pressure in test chamber,  torr 

APd Ionization gage response reading to a given beam flux,  torr 

VI 
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0, 
T0 Gas temperature in source gas plenum,    K 
vmax Maximum hydrodynamic velocity in a free jet expansion, 

cm/ sec 

v Mean molecular velocity in the oven of an oven beam,   cm/sec 

y Ratio of specific heats,  nondimensional 

6 Nozzle-skimmer separation distance,  nozzle diameters 

A. Mean free path at skimmer entrance,   mm 

Vll 
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SECTION  I 
INTRODUCTION 

The purpose of this report is to discuss the design and performance 
of a molecular beam chamber and also its application to studies of basic 
cryopumping and adsorption pumping mechanisms. 

At the Arnold Engineering Development Center (AEDC) and at other 
laboratories,   investigations of the cryopumping mechanism have been in 
progress for several years,   and useful engineering data have been 
collected.    However,   these studies have been limited to investigations of 
the pumping speeds of the various gases on engineering surfaces. *   The 
available data do not furnish sufficient fundamental information about the 
basic condensation process to allow formulation of empirical or theoret- 
ical methods for predicting the capture coefficient of a cryosurface for 
all test gases.    In addition,  previous investigations have been limited to 
a narrow range of the possible experimental variables.    The need for a 
wide range of experimental cryopumping data occurs frequently in space 
simulation and testing.    For instance,   in order to determine if the exhaust 
products from a small rocket firing can be removed from a space simula- 
tion chamber by cryopumping,   knowledge of the capture coefficient of 
directed flow high temperature gas is required.    Adequate data of this 
type are not available. 

Molecular beam techniques can not only be used to provide engineer- 
ing data of this type,   but also they can be used to investigate the basic 
condensation process on the microscopic scale.    Consequently,   a high 
intensity molecular beam chamber of the Kantrowitz and Grey type 
(Ref.   1) has been constructed and is now in operation at AEDC.    The 
apparatus is being used to study basic gas surface interaction processes 
and to provide experimental capture coefficient data. 

SECTION II 
BACKGROUND AND THEORY OF OPERATION 

The first use of the molecular beam technique is attributed to 
Dunoyer,   who in 1911 demonstrated the rectilinear motion of sodium 
atoms in a vacuum.    Since that time molecular beam experiments have 

Any surface which is not microscopically defined or is not free from 
background gas contamination. 
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been widely used in fundamental studies of atoms,  molecules,  and nuclei 
(Ref.   2).    Molecular beam techniques are now being widely used to study 
the energy and momentum exchange between a neutral gas and a solid 
surface.    The use of a molecular beam to study the condensation of a 
neutral gas on a solid surface is simply an extension of these techniques. 

Several methods have been used for the generation of molecular beams, 
but the classical oven beam system has been the most widely used method 
to date.    Since 1951,   however,   the method of aerodynamic molecular beam 
generation,  as suggested by Kantrowitz and Grey (Ref.   1),   has been widely 
used. 

Figure 1 is a schematic representation of a classical oven beam 
system.    The beam gas originates in the oven,   so-called because many 
experimental gases have been produced by the vapor of heated substances. 
Gas from the oven passes into the high vacuum region of a collimating 
chamber through a thin walled orifice or slit.    The gas flow from this 
orifice will be effusive (i. e. ,  random molecular motion with no inter- 
molecular collisions in the vicinity of the orifice) if the mean free path of 
the gas in the oven is greater than the diameter of the orifice.    Under 
these conditions,  the flux vectors of the molecules which effuse from the 
orifice will be contained in a spherical shell represented by the dashed 
circle in Fig.   1.    A collimator orifice placed coaxially with the source 
orifice will then allow only those gas molecules to pass which have tra- 
jectories within the solid angle formed by these two orifices.    The 
molecular beam consists of this collimated gas flow entering the test 
chamber.    From the kinetic theory relations for equilibrium molecular 
flux,  the intensity of the molecular flow entering the test chamber is 
given by 

4 77   i2 (1) 
8C 

The advantages of oven beam generation are that a beam of known 
intensity and energy can be produced and that a vacuum system of simple 
construction with modest pumping speeds can be used.    The main disad- 
vantage is the relatively low beam intensity which severely limits the 
measurement of reflected beams in gas-surface interaction studies. 

To help overcome this limitation Kantrowitz and Grey (Ref.   1) in 
1951 suggested replacing the effusive flow source of the classical oven 
beam with a supersonic jet.    The basic elements of such a molecular 
beam generator are shown in Fig.   2.    For comparison,  the skimmer can 
be considered as the first defining orifice for the beam just as the source 
orifice functioned in the oven beam.    The difference between the two 
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systems arises from the fact that in the aerodynamic beam the gas is 
accelerated during the gas expansion process between the nozzle and 
skimmer while in the oven beam the gas in the oven approaches the 
source orifice only by random molecular motion.    This acceleration 
process serves to increase the aerodynamic beam intensity in two ways: 

1. The mass flow per unit area through the skimmer will be 
greater for a given molecular density. 

2. The fraction of the total mass flow passing through the 
skimmer that passes through the collimator is greater than 
in the oven beam system. 

Parker et al.   (Ref.   3) have refined the original derivation of 
Kantrowitz and Grey for the theoretical beam intensity in an aerody- 
namic beam based on the following assumptions: 

1. The flow between the nozzle exit and skimmer entrance is 
isentropic and obeys the ordinary continuum flow theory. 

2. The flow into the skimmer entrance is supersonic and undis- 
turbed by the presence of the skimmer. 

3. The flow downstream of the skimmer is free molecular--i. e. , 
no molecular collisions occur. 

The results of the Kantrowitz-Grey derivation as refined by Parker 
et al.   can be written in a form to permit direct comparison with the 
theoretical intensity of an oven beam: 

n     v A    (3  + y M2) 

sc 

Comparison of Eq.   (2) with Eq.   (1) indicates that the ratio of aero- 
dynamic beam intensity to oven beam intensity is 

1   =     2V^"   (3 - yMM  for r>^   = nfi (3) 

For a ratio of specific heats of 1. 4 and a Mach number of 4,   this ratio 
is 75;   and for a Mach number of 10,   this ratio is 465.    In practice,   the 
aerodynamic beam intensities are generally one to two orders of magni- 
tude greater than oven beam intensities with equal molecular densities at 
the oven beam orifice and aerodynamic beam skimmer. 

The advantages of aerodynamic molecular beam generation are 
greater beam intensities and narrower velocity distributions.    The main 
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difficulty in producing a high intensity aerodynamic molecular beam is 
the requirement for a vacuum system with very high pumping speed 
and its associated higher costs. 

SECTION III 
DESIGN CRITERIA 

In using molecular beam techniques to study gas-surface interac- 
tions,   the main difficulty is obtaining a beam with sufficient flux to 
allow measurement of the reflected beam parameters--!, e. ,   energy 
and flux.    This makes it desirable to increase both the beam 
intensity--!, e. ,   flux per unit area--and the total beam flux for particle - 
surface interaction studies. 

The AEDC molecular beam was designed to attain the following 
characteristics: 

1. A molecular beam with a high intensity and a narrow velocity 
distribution   {This was attained by the utilization of the aerody- 
namic beam characteristics. ) 

2. An additional increase in the beam intensity   (Cryopumping was 
used to decrease the beam dissipation by background gas 
scattering. ) 

3. An increase in the total beam flux   (Cryopumping makes 
possible the use of larger skimmers and collimators and higher 
source pressures.) 

4. A highly collimated beam   (This is attained by operating at 
higher collimation distances and was made possible by the use 
of cryopumping to reduce the gas background. ) 

5. A low background gas pressure in the test chamber   (This makes 
it possible to detect weak reflected beam signals and was 
accomplished by the use of cryopumping. ) 

6. The capability of producing beams with energies from 0. 01 to 
3 ev   (This is to be achieved during the second phase of the 
AEDC beam program by resistance heating of the source to 
produce energies from 0. 1 to 0. 5 ev and by using an arc jet to 
produce energies of 3 ev (Ref.   4). ) 

During the design of the AEDC molecular beam system several 
problems were anticipated as the result of the extensive use of cryogenic 
pumping.    However,   only two minor problems were encountered when the 
cell was operated.    First,  the gas temperature in the nozzle supply plenum 
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decreased approximately 10°K per hour.    Second,  the micro-manipulator 
movement mechanism froze after three hours of operation.    Both prob- 
lems were eliminated by insulating with two layers of aluminum foil and 
using a 20-w resistance heater.    Another problem that had been antici- 
pated during the design was that the beam components (i. e. ,  nozzle, 
skimmer,   and collimator) would have to be realigned after the cryoliners 
were cooled from 300°K to cryogenic temperatures.    During the perform- 
ance test,  the alignment was checked several times as the cryoliners 
were cooled from 300 to 77°K and no change in the alignment was detected. 

SECTION  IV 
APPARATUS 

4.1 CHAMBER CONSTRUCTION 

The molecular beam cell,   as shown in Figs.   3 and 4,   is a stainless 
steel cylinder 3 ft in diameter by 6-1/2 ft long which is subdivided into 
three sections by two removable bulkheads.    The first bulkhead sepa- 
rates the nozzle section of the cell from the collimation section and 
serves as a mounting base for the beam skimmer.     The beam collimating 
orifice is mounted on the second bulkhead which separates the collimation 
and test sections of the cell.    Standard high vacuum construction was used 

_q 
throughout the chamber,   and a vacuum of 10      torr has been produced and 
maintained, 

The nozzle-skimmer separation distance can be changed without 
breaking the vacuum.    This was accomplished by mounting the nozzle and 
gas supply plenum on a micro-manipulator with x,  y,  and z movements. 
The micro-manipulator is moved by a flexible shaft drive mechanism that 
is attached to a rotary feedthrough at the cell wall. 

4.2 PUMPING SYSTEMS 

Vacuum conditions are produced and maintained in the cell by 
(1) three separate oil diffusion pumping systems (i. e. ,   one for each 
section of the cell),   (2) gaseous-helium (GHe)-cooled,   20°K cryoliners, 
and (3) liquid-nitrogen {L^Jcooled,   77°K cryoliners.    Typical pumping 
speeds and operating pressures for the system are shown in the following 
table. 



AEDC-TR-66-135 

Chamber 
Section Pumping System 

Nominal 
Pumping 
Speed, 

liters/sec 

Operating 
Pressure, 

torr 

Nozzle- 
Discharge 

111 16-in. oil diffusion pump 

(21 Gaseous-He-cooled cryo- 
liner, 20°K 

(31 Liq uid-n itrogen -cooled 
cryoliner, 77°K 

2.000* 

270,000* 

270.000*' 

10"4tol0"7 

Collimation ID 10-in. cil diffusion pump 

12) Gaseous-He-cooled cryo- 
liner, 2(PK 

13) Liquid-nitrogen-cooled 
cryoliner, 77°K 

2,000» 

185,ODO* 

200,000" 

10"6 to 10"7 

Test (If 10-in. oil diffusion pump 

(2) Gaseous-He-cooled cryo- 
panel, 20°K 

(31 Liquid nitrogen cryo- 
sphere, 77<>K 

2,000* 

40,000« 

8,000" 

10"* to 10"9 

• Pumping 
"  Pumping 

speed for air 
speed for CO2 

The 77 and 20°K cryoliners used in the nozzle and collimation 
sections of the cell are cylinders fabricated by welding copper tubing 
to 1/8-in.   copper sheet.    The 20°K cylinder nestles inside the 77°K 
cylinder and is isolated from it by Teflon® spacers.    One of the cylinder 
ends is omitted on both the 77 and the 20°K cryoliners for the nozzle 
section to provide access through the end of the cell to the nozzle and 
skimmer when the cryoliners are installed.    During operation at 20CK, 
two layers of foiled-backed Mylar® are used to reduce heat transfer 
from the 300°K end flange to the 20°K cryoliner. 

All connections of supply and exhaust lines to the 77 and 20°K cryo- 
liners are made with external bayonet fittings.    This allows the use of 
LN2 for cooling both the inner and outer cryoliners to 77°K for test 
gases such as CO2.   and the change from one cryogenic coolant to another 
can be made without breaking the cell vacuum. 

4.3  BEAM GENERATING COMPONENTS 

The beam components used during the performance test are given 
on the following page. 
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Beam 
Components Description Material 

Diameter, 
mm 

Nozzle Conical sonic orifice Brass 0.5 

Skimmer Hollow cone with truncated 
tip.  simivertex angles of 
30deg internal and40deg 
external 

Aluminum 2 

Collimator Thin wall orifice Aluminum 4 

4.4  GAS ADDITION SYSTEM 

The beam gas is supplied to the 50-cc gas plenum inside the cell 
by a 0. 5-in. -diam flexible line that penetrates the cell wall and attaches 
to a 1-liter surge tank on the outside of the cell.    Gas is delivered to 
the surge tank from standard gas bottles through a needle valve.    The 
plenum pressure,   PQ,   is measured by an Alphatron® and a Bourdon-tube- 
type,   pressure gage attached to the 1-liter surge tank. 

4.5  CHAMBER PRESSURE MEASURING DEVICES 

Eayard-.Alpert ionization gages for monitoring the cell pressure 
are mounted on ports located on the top and hear the center of each 
section of the cell.    A 2-in. -diam stainless steel tube extends from the 
gage opening down through an opening in the cryoliners.    This arrange- 
ment permits the use of the gage to measure the molecular density in the 
cell with no interference from the adjacent cryoliner.    However,   extreme 
pressure gradients undoubtedly exist in the nozzle section of the cell when 
the beam is operating with cold cryoliners. 

The beam detector used during the performance test was a miniature 
(25-mm-diam) Bayard-Alpert ionization gage mounted in the configura- 
tion shown in Fig.   5.    A thin wall,   6-mm-diam orifice was used to reduce 
the influence of the chamber background gas. 

The beam detector gage was calibrated by using an oven molecular 
beam as the source of a known beam flux,  N.    The gage constant,   K(j, 
was determined from 

APj 
(4) 
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The beam deflector,   as shown in Fig.  5,   is a metal disk four 
inches in diameter.    The beam is turned off with respect to the detector 
gage by moving the beam deflector to a position where it intercepts the 
beam. 

SECTION V 
PROCEDURE 

The alignment of the beam-components (i.e. ,  nozzle,  skimmer, 
and collimator) is accomplished by using a transit to establish an axis 
and then mounting each of the components on this axis. 

After alignment is completed,  the cell is evacuated to a pressure 
of 10"° torr,   and the procedure for producing the beam is as follows: 

1. The nozzle is moved along the horizontal axis until the desired 
nozzle-skimmer separation distance is obtained. 

2. The beam test gas is admitted to the nozzle supply plenum and 
the desired pressure is established. 

3. Readings of the detector gage are made with the beam off and 
on to obtain the value of APd in torr. 

4. The beam flux in molecules per second is obtained using Eq.  {4). 

SECTION VI 
DISCUSSION 

6.1   PERFORMANCE TEST RESULTS 

A series of beam performance test runs was made with the nozzle- 
skimmer separation distance varied from 5 to 117 nozzle diameters and 
with source pressures varied from 1 to 3400 torr.    During these tests, 
CO2 was used as the beam gas,   and the cryoliners were maintained at 
77°K.    The maximum beam intensity measured during the performance 
test was 2. 0 x 10^° CO2 molecules per second per steradian* at a source 
pressure of 3400 torr and a nozzle-skimmer separation distance of 

Beam intensities are reported in steradian units determined by the 
solid angle of the collimator with respect to a point source at the skimmer 
entrance. 
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20 nozzle diameters.    Low background pressures were maintained in 
each of the three sections of the cell during all of the runs,   and data 
from a typical run at a nozzle-skimmer separation distance of 
60 nozzle diameters are presented in Fig.   6 and Table I.    The low 
chamber operating pressures indicate that the AEDC molecular beam 
could be operated at a source pressure of 45 atm (34, 000 torr) and that 
the pumping system would maintain a vacuum lower than those reported 
by previous investigators.    Fenn et al.   (Ref.   5) reported operating pres- 
sures of 10""' to 10"* torr in the nozzle section and pressures of 10"^ to 
10"° torr in the collimation section of the Princeton molecular beam cell. 
Source pressures at .AEDC thus far have been limited to 5300 torr by the 
gas addition system. 

As shown in Fig.   6,   the beam flux increases to a relative maximum, 
decreases to a relative minimum,  and then continues to increase as the 
source pressure is continually increased.    These changes in the total beam 
flux are related to the flow conditions at the skimmer entrance.    At the 
low source pressures,   10 to 108 torr,  free-molecule flow conditions pre- 
dominate,   and the total beam flux increases with source pressure.    Then 
as the pressure is increased,   the flow field at the skimmer entrance 
changes from free molecular to continuum.    This transition is charac- 
terized by a decrease followed by a rapid increase in the beam flux at the 
higher source pressures. 

Although several investigators are studying the interaction of the 
skimmer with a rarefied gas flow,   the effects of the skimmer on the beam 
intensity have not been adequately explained.    The available data indicate 
that changing viscous effects at the skimmer during transition are re- 
sponsible for the observed decrease in the beam intensity. 

Another possible occurrence that should be considered when operating 
at the higher source pressures is condensation in the beam.    Bier and 
Hagena (Ref.   6) have reported condensed clusters of molecules in aerody- 
namic molecular beams produced by expanding CO2 from source pres- 
sures greater than 300 torr.    This has been supported by the more recent 
work of Green and Milne (Ref.   7).    It has not been determined if con- 
densation occurs in the AEDC beam.   However,  the rapid increase in the 
measured beam flux at source pressures greater than 300 torr could be 
partially attributed to condensation in the beam.    Future work at AEDC 
will include the use of a mass spectrometer to determine the onset of 
condensation. 

Another set of the AEDC beam performance data is shown in Fig.   7. 
x^gain,   the advantages of using cryopumping are evident,   as the beam 
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intensity remains high at large nozzle skimmer separation distances. 
Previous investigators (Refs.   5 and 8) have reported similar data, 
having the same general characteristics as that shown in Fig.   7 but with 
a rapid decrease in the intensity at nozzle skimmer separation distances 
greater than 50 nozzle diameters.    This observed decrease in beam in- 
tensity at high nozzle-skimmer separation distance has been attributed 
to the excessive pressures in the nozzle and collimation sections of the 
chambers.    The AEDC data support this conclusion.    {The theoretical 
curves shown in Figs.   6 and 7 have been computed from the theory of 
Ref.   3 using the Mach numbers from the calculations of Sherman,   Ref.   9. ) 

This theory is plotted in Fig.   6 for specific heat ratios of 1. 30,   1. 40, 
and 1.67.    At room temperature and standard conditions,   CO2 has a spe- 
cific heat ratio of 1. 28 (Ref.   10).    However,   in a free-jet expansion of 
CO2.  the internal degrees of freedom are not expected to share equally in 
the partition of energy,   and a specific heat ratio that changes from 1. 28 
at high source pressures to 1. 67 at low source pressures would better 
describe the conditions (Ref.   11). 

6.1.1   Background Gas Scattering 

As discussed in Section III,   cryopumping was utilized in the AEDC 
molecular beam chamber to minimize the loss in beam intensity caused 
by background gas scattering.    In the collimation and test chambers, 
operating pressures (Table I) are sufficiently low to insure negligible 
scattering of the beam between the skimmer and detector (Ref.   3). 
However,   as shown by Anderson and Fenn (Ref.   12),  under certain oper- 
ating conditions the background gas in the nozzle discharge chamber can 
penetrate to the axis of the free jet expansion from the nozzle.    This 
results in the scattering of beam producing gas in the region between the 
nozzle and skimmer. 

Several experiments have been conducted to determine the magnitude 
of this scattering,  the operating conditions under which it occurs,   and the 
reduction in scattering provided by the system's high cryopumping speeds. 
At constant source pressure and background gas pressure,   the nozzle- 
skimmer separation distance was varied and the change in beam intensity 
observed.    In this manner experiments were conducted at background 
pressures from 6 x 10"3 torr to 3 x 10~* torr,   and at source pressures 
from 5 to 600 torr. 

Figure 8 shows the results obtained for a 100-torr source pressure 
CO2 beam.    At nozzle-skimmer separation distances greater than the 
relative maximum points (35-40 nozzle diameters),   the beam intensity is 
strongly dependent on the background gas pressure.    At the high separation 

10 
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distances in Fig.   8,   an order of magnitude reduction in background gas 
pressure (from 6 x 10"^ to 6 x 10"^ torr) can result in an order of 
magnitude increase in beam intensity. 

The data taken at a background gas pressure of 6. 3 x 10"4 torr 
represent normal operating conditions with the cryogenic liners cooled. 
The data for the other three curves of Fig.   8 were taken with the cryo- 
genic liners warm and CO2 gas bled into the nozzle discharge chamber 
to vary the background pressure.    The advantage of cryopumping is 
readily apparent.    Substantial increases in beam intensity have been 
observed for reductions in nozzle discharge chamber pressure below 
1CT4 torr. 

6.1.2   Skimmer Interactions 

Experiments have been conducted to determine the magnitude of 
skimmer interaction effects on beam intensity and also the range of 
these effects in terms of the density level at the skimmer entrance.    As 
reported by Mayer et al.   in Ref.   13,  viscous effects such as shock waves 
and boundary layers in aerodynamic flows can be virtually eliminated by 
cryogenically cooling the surface which interacts with the flow field. 

A skimmer,  cryogenically cooled to liquid nitrogen temperature 
(77°K),   was used to intercept a room temperature CO2 gas flow which 
readily condenses when striking a surface at that temperature.    In the 
first experiment,   the skimmer was slowly cooled from room tempera- 
ture to 77°K,   and the beam flux was observed as a function of time.    The 
source pressure and nozzle-skimmer separation distance were chosen 
to place the skimmer in the transition region between free molecular flow 
and fully established continuum flow.    The results of this experiment are 
shown in Fig.   9.    Very little change in beam flux occurs until the skimmer 
entrance is sufficiently cold to condense the CO2 beam (visually observed), 
at which time a rapid increase in beam flux is observed.    The beam flux 
increases by about 180 percent of the room temperature skimmer value, 
holds this value for only a few seconds,   and then rapidly decreases.    The 
decrease in beam flux is a result of CO2 condensate filling the skimmer 
entrance.    This was determined by visually measuring the change in 
skimmer diameter during the experiment.    That the entrance area of the 
skimmer decreases at approximately the same rate as beam flux is shown 
by the plot of skimmer entrance diameter squared in Fig.   9. 

The increase in beam flux caused by cooling the skimmer was 
measured as a function of gas density at the skimmer entrance.    At a 
constant nozzle-skimmer separation distance,  the density at the skimmer 

11 



AEDCTR-66-135 

entrance was varied by changing the source pressure.    The increase in 
beam flux was then observed at each source pressure as the skimmer 
was cooled from room temperature to 71°K,    The results of this ex- 
periment are shown in Fig.   10.    It is apparent that the increase in beam 
flux caused by cryogenically cooling the skimmer in this manner is 
confined to a finite range of gas density at the skimmer entrance.    For 
the particular experiment shown in Fig.   10,  the increase in beam flux 
occurs over a range of skimmer entrance Knudsen numbers from 16 to 
0. 32.    (Knudsen number is computed from hard sphere cross sections 
and referenced to skimmer entrance diameter. )   From the data of 
Figs.  9 and 10 it is apparent that the increase in beam intensity attrib- 
utable to cooling the skimmer is restricted in time duration and density 
range at the skimmer entrance. 

An interesting phenomenon is shown in Fig.   10.    Very definite 
relative maximum and minimum points occur which are shifted to higher 
values of source pressure as the skimmer is cooled from room tempera- 
ture to 77°K.    In addition,   the curves seem to merge at the higher source 
pressures.    By observing the rate of change of beam flux as the skimmer 
entrance would fill with condensate (taken from measurements as shown 
in Fig.  9),   it is suspected that the condensation efficiency of the skimmer 
entrance decreases at the higher source pressures.    This may account 
for the tendency of the two curves in Fig.   10 to merge at the higher 
source pressures. 

The possible occurrence of more than one gas dynamic phenomenon 
in the region of the relative maximum-minimum points of Fig.   10 pre- 
clude any definite conclusion on the cause of these characteristic 
shapes.    Nonetheless,  a twofold increase in beam intensity is possible 
by cryogenically cooling the skimmer,   and the range of this increase 
has been established. 

6.2  CAPTURE COEFFICIENT MEASUREMENTS 

At AEDC,   molecular beam techniques will be used to investigate 
gas cold surface interactions--!, e. ,   cryopumping.    A molecular beam 
is ideally suited for studies of the interaction between a solid surface 
and impinging gas molecules since a direct measurement of gas 
properties before and after collision with the surface is possible.    In 
addition,   separate control of beam gas,   background gas,   and surface 
properties is possible.    For the cryopumping studies,   the rate of con- 
densation of a molecular beam impinging on a test surface will be meas- 
ured as a function of (1) gas species,   energy,   and intensity;  (2) test 
surface temperature,   composition,   and orientation relative to the beam; 
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and (3) background gas species and pressure.    It is anticipated that beam 
energies will range from room temperature to the rocket exhaust level, 
and surface temperatures from room temperature to 4°K. 

If the test surface is suspended to intercept the molecular beam and 
the reflected gas flux is compared to the incident beam flux,  then the 
rate of condensation is given by the capture coefficient relation: 

C  = 1 - A (5) 
N. 

To simplify the measuring process and to avoid absolute measurement of 
the total incident and reflected beam flux,  the capture coefficient can 
also be determined by measuring the relative change in reflected beam 
intensity entering the detector as the surface is cooled to the desired test- 
ing temperature,   e. g. , 

[ 
C =  ]   - 

] 
r w 

(6) 

This relation is applicable only if the spatial distribution of the reflected 
molecules remains constant with changing surface temperature and if 
negligible molecules are condensed while the surface is warm.    The 
reflected beam patterns will be experimentally determined,   and the refer- 
ence intensity measurement,   Irw,   will be obtained with the test surface 
sufficiently warm to insure negligible condensation. 

6.2.1    Detector 

6.2.1.1   Detector Requirements 

In principle,   a direct measurement and simple calculation of capture 
coefficient as defined by Eq.   (6) is possible.    However,   the magnitude 
of the reflected beam intensity entering the detector will generally be 
less than the intensity of background gas molecules randomly striking the 
detector entrance.    Consequently,   a detector capable of extracting the 
relatively weak reflected beam signal from the stronger background gas 
signal must be used.    The AEDC molecular beam generation system is 
capable of producing beams several orders of magnitude more intense 
than the background gas,   and a commercially available ionization gage 
can be used as a total beam intensity detector (see Section IV).    However, 
a reflected beam flux of 10  ° times the total incident beam flux will pass 
through the detector entrance for diffuse reflection at the surface when 
a detector with an entrance diameter of 4 mm is mounted 100 mm from 
the surface.    The reflected beam intensity will also be a function of the 
surface capture coefficient;  and by applying Eq.  (6),  the fractional 
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decrease in reflected beam flux can be determined.    For a capture 
coefficient of 0.99,   this fraction is 10~2.    Under these conditions the 
detector is required to measure intensities 10" ^ times the total beam 
intensity entering the test chamber.    As shown in Section 6. 1,   the 
AEDC beam generating system has a practical operating range from 
lO1^ to 1016 molecules/sec/cm2.    This requires measurement of re- 
flected beam intensities from 109 to 1011 molecules/sec/cm2.    At a 
test chamber pressure of 10"° torr,   the background gas impingement 
rate is about 10      molecules per sec/cm2.    The detector is then re- 
quired to produce signals proportional to beam intensities from one to 
three orders of magnitude below background gas intensities. 

6.2.1.2   Modulated Beam Detector 

Several research groups have for many years used what is generally 
referred to as modulated beam techniques to detect the weak signals 
produced by gas molecules scattered from solid surfaces (Ref.   14}.   The 
beam to be detected is mechanically pulsed by passing it through a 
rotating slotted disc turning at a fixed frequency.    This technique pro- 
vides a means of recovering a signal hidden in background noise by using 
a-c amplification of the desired signal at one frequency and rejecting the 
noise at other frequencies.    A mass spectrometer can be used as the 
signal source to provide a further gain in sensitivity by rejecting all 
signals from mass numbers other than that of the test gas.    A detector 
incorporating these features has been developed at AEDC,   and its per- 
formance has been experimentally determined.    This detector has 
satisfied the requirements listed in Section 6. 2. 1. 1 by recovering beam 
signals from two to three orders of magnitude below the total background 
gas intensity level. 

6.3  OTHER BEAM APPLICATIONS 

The aerodynamic beam system with its associated detector makes a 
versatile apparatus for application to a variety of gas-surface and gas- 
gas interaction studies.    The mechanism of adsorption pumping as well 
as cryopumping can be readily investigated over a wide range of gas and 
surface temperatures.    Other gas surface phenomena,   such as evapora- 
tion and sputtering,   can be studied using beam techniques.    Gas-gas 
interactions involved in chemical processes and the measurement of 
scattering cross sections are studies for which intersecting molecular 
beams are particularly well suited. 

A method is currently under development to measure the energy 
level of molecules scattered from solid surfaces.    This energy * 
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information will make possible studies of thermal accommodation coef- 
ficients,   satellite drag coefficients,   and rarefied gas flow phenomena 
in general. 

SECTION VII 
CONCLUDING REMARKS 

An aerodynamic molecular beam chamber has been assembled and 
operated at AEDC.    Cryopumping was successfully used to produce 
intense molecular beams by providing large pumping speeds and by re- 
ducing the scattering caused by the background gas.    A maximum beam 
intensity of 2. 0 x 10^0 CO2 molecules per second per steradian has 
been measured at a source pressure of 3400 torr.    Cryogenic cooling 
of the beam skimmer resulted in large increases in the beam intensities, 
but the duration of the increase was very short. 

A modulated beam detection system has been developed to provide 
the capability of detecting weak beam signals hidden in background 
noise. 

The aerodynamic beam and modulated beam detector are to be used 
to investigate the cryopumping phenomena on the microscopic scale and 
to provide capture coefficient data for immediate application to the 
requirements of space simulation. 

Molecular beam techniques have also been developed at AEDC and 
other laboratories for investigation of a wide spectrum of particle - 
surface interaction processes,  such as adsorption,  momentum exchange, 
energy exchange,   and evaporation. 
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TABLE I 
TYPICAL TEST DATA 

p0. 6, nozzle P|V p h AP* Kd, N, 
torr diameters torr torr torr torr mol/sec/torr mol/sec 

0.89 6 ] 9.0 x 10"7 3.3 x 10"7 1.2 x 10"9 7.9 x 10"8 1.565 xlO20 1.20 xlO13 

2.09 9.0 x 10"7 3. 7 x 10"7 ' ' "2.4X10"7 3.76 x 1013 

2.68 , 8.8 x 10~7 2.8xlO"7 
F 3.0 x 10"7 4.70xl013  i 

8.75, 2.2 x 10"6 4.0 x 10"7 1 8.3 x 10"7 1.30x 1014 

9.50 2.4 x 10"6 4.3 xlO"7 f 8.9 XlO"7 1.39 xlO14 

27.0 6.6 x 10"6 6.2 x 10~7 1.5xl0"9 1.65 x LO"6 2.58 x 1014 

47.5 6.2xl0"6 7.3 x 10"7 2.05 x 10"6 3.21 x 1014 

81.5 6.6xl0"6 6.4 x 10"7 2.50 XlO"6 3.92 x 1014 

111 8.1 x 10"6 9.1 x 10"7 3.64 XlO"6 5.70 x 1014 

180 1.2 x 10"5 8.8 x 10"7 ' ' 2.40 XlO"6 3.76 x 1014 

184 1.2 x 10"5 8.0 x 10"7 1.6xl0"9 2.44 xlO"6 3.82 x 1014 

108 8.8 x 10"6 4.8xl0~7 2.62 x 10"6 4.10 x 1014 

136 1.1 x 10"5 5.2xl0"7 2.50xl0"6 3.91 xlO14 

255 1,6 x 10"5 7.3xlO"7 2.30xlO"6 3.60 xlO14 

377 1.9 x 10"5 8.8xl0"7 \ ' 2.80 x 10"6 4.37 xlO14 

302 2.3X10"5 5.8xl0"7 2.1 x 10"9 2.40xlO"6 3.76 x 1014 

215 1.1 x 10"5 4.3 xlO"7 2.24 x 10"6 3.51 xlO14 

237 1.1 x 10"5 4.5xlO"7 2.23X10"6 3.49 xlO14 

496 I.4xI0"5 6.8 xlO"7 \ I 3.90xlO"6 6.11 xlO14 

739 1.8 X 10"3 6.8x 10"7 3.3 x 10~9 6.70 x 10"6 1.05 XlO15 

1010 1.6xl0"5 6.5 x 10"7 1 1.1 xlO"5 1.72 x 1015 

1530 1.4xl0"5 6.8 x 10"7 1 2.1 x 10"5 3.29 x 1015 

2260 1.5 x 10"5 6.5 x LO"7 5.4 x 10"9 3.5 xlO"5 5.47 x 1015 

3400 } r 9.0 x 10"6 5.1 x 10"7 5.6 x 10"9 5.65 x 10"5 \ i 8.85 x 1013 

NOTES: dn ■ 1/2 mm 

ds 
a 2 mm 

dc - 4 mm 

T0 = 300°K 

*sc - 49.5 cm 

Test gas is C02. 

26 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • R&D 
(Security classification oi title, bcdy of ab&lrecl end tndexmS annotation raus: be entered when the overall report is c/as si tied) 

1    QRIGINATIN G  ACT|W|TY  (Corporate author) 

Arnold  Engineering  Development Center 
ARO,   Inc.,   Operating Contractor 
Arnold  Air  Force  Station,   Tennessee 

la     RCPOBT   SECURITr    C   L-A33 ' F 1 C A T 1 ON 

UNCLASSIFIED 
2 b    GROUP 

N/A 

DESCRIPTION AND PERFORMANCE'OF A  MOLECULAR  BEAM CHAMBER USED FOR 
CRYOPUMPING AND ADSORPTION PUMPING  STUDIES 

4    DESCRIPTIVE NOTES (Type c( report and inclusive dates) 

N/A 
S   AUTHORfSJ fLasI name, fltatneme. Initial) 

R.   F,   Brown and J.   H.   Healdj   Jr..,   ARO,   Inc. 

6    REPORT  DATC 

October  1966 
7a      TOTAL  MO     OF   PASES                  |   7 b     NO     OF   REFS 

1         33             -    •;'    -         14 <• 
8ft     CONTRACT   Oft   GRANT   NO. 

AF40(600)-1200 

b    PROJECT  NO     8951 

c Program Element  61445014 

d 

9a     ORtOlN ATa R'S   R EPQRT   N U M B E R/\SJl 

AEDC-TR-66-135 

96   OTHERREPORT  NO(S) (A ny other number* that may be assigned 
this report) 

N/A 

10   A. V A IL ABILITY'LIMITATION  NOTICES 
] 

Distribution  of   this  document   is unlimited. 

11    SUPPLEMENTARY NOTES 

Available   in DDC 

12- SPONSORING MILITARY ACTIVITY 

Arnold  Engineering  Development 
Center,   Air  Force  Systems  Command, 
Arnold AF  Station,   Tennessee 

13    ABSTRACT 

An  aerodynamic  molecular  beam chamber  has  been constructed  and 
operated  at  Arnold  Engineering  Development  Center.     Design criteria, 
performance  data,   and space simulation applications  are  discussed  in 
this report.     Cryopumping was utilized  to provide  the required pump- 
ing  speed  and   to reduce  the  scattering  of   the  beam  by  the background 
gas.     A maximum  beam intensity  of  2.0  x  lO2^  CO2  molecules  per 
second per  steradian  was  measured.     The  beam  is  now  being used  to 
study basic cryopumping phenomena on a microscopic scale and  to pro- 
vide capture coefficient  data for  immediate  application  in  the  design 
of  cryopumping systems for  space simulation chambers. 

DD FORM 
1   JAN   04 1473 UNCLASSIFIED 

Security Classification 



UNCLASSIFIED 
Security Classification 

KEY WORDS 

/ molecular beam chamber 

design criteria 

performance 
space simulation 

.2-eryopumping 

pumping speed 
U capture coefficient data 

//~i 
oven beam generators „ „ 

.   aerodynamic/,, beam generators^   o*-<> 

'v 

LINK C 

1.   ORIGINATING ACTIVITY:   Enter the name end address 
of the contractor,  subcontractor, grantee. Department of De- 
fense activity or other organization (corporate author) issuing 
the report. 
2a,   REPORT SECURITY CLASSIFICATION:   Enter the over- 
all s-ecurity classification of the report.   Indicate whether 
"Restricted Data" is included    Marking is to be in accord- 
ance with appropriate security regulations. 

26.   GROUP:    Automatic downgrading is specified in DoD Di- 
rective 5200.10 and Armed Forces Industrial Manual.   Enter 
the group numbeT.   Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author- 
ized. 

3. REPORT TITLE:   Enter the complete report title in all 
capital letters.   Titles in all cases should be unclassified. 
If a meaningful title cannot be selected without classifica- 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 

4. DESCRIPTIVE NOTES:    If appropriate, enter the type of 
report, e.g., interim, progress, summary,  annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 
5. AUTHOR(S):    Enter the name(s) of authors) as shown on 
or in the report.    Entei last name, first name, middle initial, 
If mlitary, show rank vr.-i branch of service.   The name of 
the principal « >thor is an absolute minimum requirement. 

6. REPORT DATE;    Enter the date of the report as day, 
month,  year, or month, year.    If more than one date appears 
on the report, use date of publication. 

la.   TOTAL NUMBER OF PAGES:    The total page count 
should Mlow normal pagination procedures, i.e., enter the 
number of pages containing information. 

76.    NUMBER OF REFERENCES:   Enter the total number of 
references cited in the report. 
8a.   CONTRACT OR GRANT NUMBER:    If appropriate, enter 
the applicable number of the contraLt or grant under which 
the report was written. 
8b, 3c, & 8d. PROJECT NUMBER: Entei the appropriate 
military department identification, such as project number, 
subproject number,  system numbers, task number,  etc. 

9a.   ORIGINATOR'S REPORT NUMBER(S);    Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity.   This nurr.ber must 
be unique to this report. 
9b. OTHER REPORT NUMbER(S): If the report h&s been 
assigned any other report numbers (either by the originärer 
Or by ihe sponsor), also enter this numbers). 
ID.    AVAILABILITY/LIMITATION NOTICES:    Enter any lim- 
itations on further dissemination of the report, other than those 

imposed by security classification, 
such as: 

using standard statements 

(1) "Qualified -i .iuet-ters may obtain copies of this 
report frarn DDC" 

(2) "Foreign nnnouncemunl and dissemination of this 
report by UDC is not auflf-inzed. " 

(3) "U. S. Government agencies may obtain copies of 
this report directly from DDC.    Other qualified DDC 
users shall request through 

(4)     "U. S. military agencies may obtain copies of this 
report directly from DDC   Other qualified users 
shall request through 

(5)     "All distribution of this report is controlled.   Qual- 
ified DDC users shall request through 

If the report tins been furnished to the Office of Technical 
Services, Department of Commerce,  for sale to the public, indi- 
cate this fact and enter the price,  if known. 

11. SUPPLEMENTARY NOTES: Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay- 
ing lor) the research and development.    Include address. 

13. ABSTRACT:   Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it .nay also appear elsewhere in the body of the technical re- 
port     If additional space is require^, s continuation sheet shail 
be attached 

It is highly desirable that the abstract of classified reports 
be unclassified     Each paragraph of the abstract shall end with 
an indication of the military security classification of the in- 
formation in the paragraph,  represented as (TS). (S). fCJ, or (U) 

There is no limitation on the length of the abstract     How- 
ever, the suggested length is from 150 to 225 words. 

14. KEY WORDS:    Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report     Key words must be 
selected so that no security classification is required.    Identi- 
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used'as key- 
words hut w'll be followed by an indication of technical con- 
text.   The assignment of links, rules, and weights is optional 

UNCLASSIFIED 
Security Classification 


